Circadian rhythms are entrained to cyclic environmental cues such as the light-dark cycle and food availability. The suprachiasmatic nucleus of the hypothalamus is the main circadian oscillator in mammals and is entrained primarily by the lightdark cycle, although in some experimental situations food availability can affect its oscillation. Here we tested whether scheduled restricted feeding is capable of influencing the reentrainment of the motor activity rhythm (i.e., a behavioral rhythm controlled by the suprachiasmatic nucleus) to a 6-h phase advance of the light-dark cycle. Rats were housed in a standard 12 h:12 h light-dark cycle for 18 days, and then the time of lights-off was advanced. Rats subjected to scheduled restricted feeding starting on the first day of the light-dark shift showed faster reentrainment of the motor activity rhythm compared with control rats maintained with ad libitum food. The results showed that scheduled feeding effectively accelerates reentrainment of a behavioral circadian rhythm and suggest that the procedure may affect activity in the suprachiasmatic nucleus during the stage of reentrainment to light-dark shifts.
Introduction
Circadian rhythms are present in different species and expressed as daily fluctuations in physiological, behavioral, and cognitive processes (Kondo et al., 1993; Campos, Silva, Fernandes, Araujo, & Menezes, 2001; Simonetta, Migliori, Romanowski, & Golombek, 2009) . In mammals, these rhythms are entrained primarily by the 24-h daily light-dark (LD) cycle. Behavioral and physiological daily rhythms are orchestrated by the central circadian pacemaker located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Dibner, Schibler, & Albrecht, 2010) , which receives direct LD information from the retina (Johnson, Morin, & Moore, 1988; Costa, Santee, Cavalcante, Moraes, Santos, & Britto, 1999; Nascimento et al., 2010) .
Circadian rhythms, however, are not only entrained by LD cycles. Daily feeding opportunities have been shown to influence numerous physiological and behavioral rhythms in mammals and other species (Mistlberger, 1994) . The main characteristic of behavioral rhythms entrained by food is their anticipatory aspect. For example, when rats and mice are subjected to scheduled restricted feeding in which food is available at the same time daily for only a few hours (e.g., 2 h), the animals anticipate the feeding time by increasing their locomotion 2-3 h before food availability (Mistlberger, 1994) , a phenomenon referred to as "food-anticipatory activity" (FAA). The properties of FAA identified in past decades strongly indicate that this phenomenon is the manifestation of a food-entrainable circadian oscillator (Mistlberger, 2009 ) distinct from oscillators located in the SCN (Stephan, Swann, & Sisk, 1979; . Despite the recognition that the integrity of the SCN is not necessary for the emergence of FAA, evidence has indicated that a specific type of feeding regimen can exert an effect on SCN-controlled activity rhythm and SCN oscillatory operation. For example, hypocaloric feeding (50-75% of ad libitum ingestion) has been shown to promote the entrainment of activity rhythms in rats exposed to constant darkness (Caldelas et al., 2005) and enhance phase-shift responses to light pulses in mice (Mendoza, Graff, Dardente, Pevet, & Challet, 2005) .
Nocturnal rodents maintained under prolonged exposure to constant light become behaviorally arrhythmic (Daan & Pittendrigh, 1976 ) as a result of the uncoupling of SCN neurons (Ohta, Yamazaki, & McMahon, 2005) . Interestingly, behavioral and SCN rhythmicity is restored by scheduled restricted feeding under constant light conditions (Mistlberger, 1993; Lamont, Diaz, Barry-Shaw, Stewart, & Amir, 2005) . Lamont et al. (2005) suggested that the SCN can become sensitive to feeding schedules depending on the state of its oscillatory function (i.e., the degree of coupling among oscillators). Another experimental procedure that produces uncoupling within the SCN is LD phase shifts (i.e., either delays or advances). In the laboratory, rats subjected to LD phase shifts take several days to reentrain their activity rhythms to the new LD cycle, accompanied by uncoupling between the ventral and dorsal regions of the SCN (Nagano et al., 2003) . Humans can experience LD shifts when they travel through time zones, from west to east or viceversa, leading to symptoms of jet lag (Waterhouse, Reilly, & Atkinson, 1997) .
Given the results that have shown that uncoupling in the SCN occurs with LD shifts and that feeding schedules can alter SCN coupling and its responses to light, we assessed whether scheduled restricted feeding is capable of altering the speed of reentrainment of motor activity rhythm (i.e., SCN-controlled behavioral rhythm) after a 6-h phase advance of the LD cycle.
Methods

Subjects
Eighteen Wistar rats (8 males and 10 females, 3-to 6-months of age) from our colony were used. Animals were divided into three groups: Ad lib (n = 6), restricted feeding (RF; n = 7), and food deprivation (FD; n = 5). Rats were housed individually in standard polypropylene cages (40 x 32 x 17 cm) placed in light-tight, ventilated wooden cabinets (180 x 55 x 50 cm) with timer control of the lighting conditions and controlled temperature (23 ± 1°C). The study was performed in compliance with the ethical principles of the Brazilian Society of Sciences of Laboratory Animals (SBCAL).
Apparatus
General motor activity was continuously recorded in 5-min intervals using Aschoff software (developed in our laboratory) and infrared motion sensors (Focus 2000, Aspex) positioned 15 cm above the cage lids. The graphical output of activity rhythm (i.e., actograms) and rhythm analyses were performed using El Temps software (A. Díez-Noguera, Universitat de Barcelona, 1999).
Procedure
The Ad lib and RF groups were under a 12 h:12 h LD cycle with ad libitum access to food for 18 days. Baseline daily food intake was measured in the RF group on days 4 to 7 in which food was weighed on days 4 and 7, and the average daily intake was calculated. On day 18, food was removed from the RF group at ZT 11. By convention, ZT 12 denotes the onset of the dark phase. On day 19, the LD cycle was shifted by advancing the dark phase by 6 h, and the restricted feeding schedule began for the RF group, with food provided manually for 2 h between ZT 17 and ZT 19 of the new LD cycle. Animals in the Ad lib group had their cabinets open and food cup manually disturbed for 10 s at the same ZTs. Food intake during restricted feeding was measured daily in the RF group. An additional control group (FD) was maintained with ad libitum food for 14 days under a 12 h:12 h LD cycle. On day 14, food was removed at ZT 11. On day 15, lights were not turned on, and food was returned at ZT 11 of the previous LD cycle, corresponding to ZT 17 of the new LD cycle in the Ad lib and RF groups. Animals were under constant darkness (DD) for the next 11 days. This group was used to determine whether absence or presence of food itself, created on the first day of the restricted feeding procedure in the RF group, phase-advances the motor activity rhythm.
Statistical analysis
Acrophases were determined by the serial analysis tool in El Temps for the 7 days before the LD shift and each day after the LD advance or DD. Differences, expressed in hours, were calculated between the acrophase on the days after the LD shift or DD and the mean of the 7 days before the lighting conditions changed, not including the day prior to the lighting change. Food intake in the RF group on restricted feeding days after the LD shift was calculated as a percentage of baseline daily food intake. Additionally, FAA (defined as the total activity in the 3 h preceding food availability) was calculated for the first 4 days of the LD shift as a percentage of total daily activity.
Phase advances in acrophase, the number of days needed for a complete 6-h phase advance, and FAA were compared between Ad lib and RF groups using t-tests for independent samples. All data are expressed as mean ± SEM. Values of p < .05 were considered statistically significant.
Results
The dynamics of reentrainment after the LD shift were different between Ad lib and RF groups. Rapid reentrainment of the motor activity rhythm was clear in the RF group compared with Ad lib group ( Figures  1A and 1B) . The FD group showed an entrained rhythm to the LD cycle and a free running rhythm in DD (i.e., when the endogenous period is expressed; Figure 1C ). The phase advance of rhythm acrophase was larger in the RF group primarily during the first days after the LD shift ( Figure 2A) . Additionally, the group of animals fed ad libitum needed almost twice as many days to reentrain to the new LD cycle compared with the group that was subjected to scheduled restricted feeding (7.83 ± 1.24 and 4.42 ± .90 for ad lib and RF group, respectively; Figure 2B ). In the FD group, we observed a small phase advance in acrophase on the first day of DD when food was returned. Nonetheless, increasing phase delays were observed during the subsequent days, indicating a free-running rhythm that drifted to the right and a period >24 h ( Figure 2C ; see also Figure 1C ). Food intake in the RF group increased after the LD shift and stabilized between 50% and 60% of ad libitum conditions (Figure 3 ). Food-anticipatory activity during the first 4 days of the LD shift is shown in Figure 4 , differing between groups only on the fourth day of food restriction. The development of FAA is thought to require 3 to 14 days (Mistlberger, 1994) . Figure 4 shows that FAA in the present study began to develop on the fourth day of restricted feeding.
Discussion
The present study showed that scheduled restricted feeding is capable of modifying the dynamics of the reentrainment of the motor activity rhythm in response Figure 1 . Double-plotted actograms of animals from the (A) Ad lib, (B) RF, and (C) FD groups. In this type of graphic representation, subsequent days are plotted from the top to bottom. "Double-plotted" means that day 1 is followed by day 2 on the same line. Day 2 will be repeated in the line below so that the line will contain days 2 and 3 and so on. On day 19, the LD cycle was advanced by 6 h in the Ad lib and RF groups. Starting on the first day of the new LD cycle (day 19), the RF group (B) received food only for 2 h in the middle of the dark phase, whereas the control group (A) had food ad libitum. The FD group (C) was food-deprived for 24 h starting at ZT 11 on day 14. On day 15, lights were not turned on and food was returned to the animals. The animals were in constant darkness for the next 11 days. A drift to the right is clear in the DD condition, showing that the rhythm was free running. Missing data are shown as horizontal gray bars. Number of days needed for a complete 6 h phase advance of acrophase. The Ad lib group took 7.83 ± 1.24 days to exhibit a 6 h phase advance, whereas the RF group took 4.42 ± 0.90 days. (C) Phase shift of acrophase relative to previous LD cycle in the FD group. A small phase advance was observed on the first day of DD. The increasing delays indicate that the rhythm was free-running with a period longer than 24 h (see also Figure  1C ). Due to missing data, acrophase was not obtained on day 5. *p < .05, **p < .01 (t-test for independent samples). to an advance of the LD cycle. Rapid reentrainment of the motor activity rhythm was observed in the RF group (Figures 1 and 2) , indicating that the combination of an LD advance with scheduled restricted feeding may differentially affect the activity rhythm. A possible mechanism involved in the rapid reentrainment of the RF group is masking. One could argue that acrophase advances were actually a false result attributable to increased FAA. Food-anticipatory activity would have led to a masking effect on activity and acrophase, shifting it in the direction of the new LD cycle. A masking effect would then be the cause of rapid reentrainment in the RF group. However, we saw that FAA was present only on day 4 of scheduled restricted feeding and the LD shift. Because we did observe large phase shifts on the first 3 days of the LD advance, we suggest that the phase advance of the rhythm was primarily attributable to an entrainment process. However, we cannot completely exclude the presence of a masking effect during reentrainment.
The activity circadian rhythm is dependent on the SCN in mammals because lesions abolish its expression (Stephan & Zucker, 1972) . However, the activity rhythm is also dependent on the food-entrainable oscillator (FEO) because it is restored in SCN-lesioned rodents subjected to restricted feeding schedules (Stephan, Swann & Sisk, 1979; . The rapid reentrainment observed in the RF group may be attributable to an effect of scheduled restricted feeding directly on FEO activity. We previously proposed a theoretical model to explain how the FEO is organized and entrained (Carneiro & Araujo, 2009 ). In this model we argue that the FEO is composed of several brain areas that are entrained by fluctuating humoral signals modified by food availability. These signals were likely phase-shifted when food was restricted to the middle of the new dark phase in the present study. The rhythm shift may then be a consequence of FEO activation by humoral signals.
Under conditions of stable entrainment to LD cycles, SCN oscillation has been shown to not be affected by scheduled restricted feeding (Hara et al., 2001; Stokkan, Yamazaki, Tei, Sakaki, & Menaker, 2001 ). However, Lamont et al. (2005) showed that when rats are arrhythmic because of prolonged exposure to constant light (i.e., a condition that produces the uncoupling of SCN neurons; Ohta et al., 2005) , restricted feeding is capable of inducing FAA and restoring rhythmic oscillation within the SCN. Moreover, uncoupling within the SCN also occurs during reentrainment of circadian rhythms in response to LD advances or delays, specifically between ventral and dorsal regions (Nagano et al., 2003) . A reduction of caloric intake by presentation of scheduled hypocaloric feeding has been reported to entrain activity rhythm in rats (Caldelas et al., 2005) , alter SCN oscillations, and enhance phase shift responses to light stimulation in mice (Mendoza et al., 2005) . Food intake in the RF group in the present study was 25-45% of ad libitum baseline on the first 4 days of the LD shift and stabilized between 50% and 60% on subsequent days. Because caloric intake in the RF group was lower than baseline, feeding after the LD shift can also be considered hypocaloric. Therefore, animals subjected to RF in the present study ate a hypocaloric diet during an experimental procedure known to produce uncoupling within the SCN.
Any manipulation or signal capable of exerting an effect on SCN activity (Mrosovsky & Salmon, 1987; Agostino, Plano, & Golombek, 2007) or theoretically enhancing coupling among its oscillators can accelerate . Food-anticipatory activity from day 1 to day 4 of restricted feeding/LD shift. Food-anticipatory activity is expressed as a percentage of total motor activity on each day (see Methods). A significant difference was observed only on the fourth day. **p < .01 (t-test for independent samples).
reentrainment of circadian rhythms in response to LD shifts. LD shift may render the SCN sensitive to cues associated with scheduled feeding, whereas hypocaloric feeding may enhance SCN responses to light during reentrainment. The combination of these events may explain the faster reentrainment observed in the RF group. Absence or presence of food itself on the food deprivation day and first day of the LD shift can also be argued to have an effect that phase-advances the SCN rhythm, thus leading to faster reentrainment of the activity rhythm. Nonetheless, Coleman & Francis (1991) showed that 3 days of food deprivation did not phaseshift locomotor activity rhythm in rats under constant darkness but did when animals were under constant light. These phase shifts were correlated with activity levels on the last day of food deprivation. Indeed, food deprivation-induced phase shifts of the activity rhythm in hamsters did not emerge if locomotion was prevented by locking the running wheels (Mistlberger, Sinclair, Marchant, & Neil, 1997) . Phase shifts induced by food deprivation may be attributable to locomotion generated by the procedure and not by food deprivation or refeeding alone. In the present study we observed a small phase advance in acrophase on the first day of constant darkness when food was returned to the animals (see Figure 2C ). However, the rhythm on subsequent days was not phase-advanced by food deprivation (see Figure  2C ). This is also visually apparent by the activity offset, which ran free according to the previous LD cycle (see Figure 1C ). These results suggest that the phase of the circadian clock is little or unaffected by food removal or the reinstatement procedure. Scheduled restricted feeding is associated with changes in peripheral humoral signals, many of which have been shown to act in brain regions and regulate food intake (Carneiro & Araujo 2009 ). Some of these signals such as insulin, ghrelin, and leptin are known to bind receptors in the arcuate nucleus of the hypothalamus (ARC), an important area that integrates circulating signals to regulate food intake (Simpson, Martin, & Bloom, 2009 ). Yi, van der Vliet, Dai, Yin, Ru, & Buijs (2006) reported that the ARC reciprocally communicates with the SCN. These investigators suggested that the ARC may serve as a pathway to communicate peripheral information to the SCN and modulate its activity. Through this connection, signals associated with restricted feeding may have an indirect effect on SCN activity, phase-shifting its oscillation and leading to rapid reentrainment after an LD advance. Notably, however, a direct effect of peripheral signals on the SCN is also possible. Leptin and ghrelin receptors are expressed in the SCN (Guan, Hess, Yu, Hey, & van der Ploeg, 1997; Zigman, Jones, Lee, Saper, & Elmquist, 2006) . Additionally, SCN activity is phaseshifted by ghrelin and leptin application in vitro (Prosser & Bergeron, 2003; Yannielli, Molyneux, Harrington, & Golombek, 2007) . Therefore, a possible direct effect of these factors should be taken into consideration in the process of the reentrainment of activity rhythms to new LD cycles in rats under scheduled restricted feeding.
Another possible explanation for our results is that the two processes mentioned above occur simultaneously. Scheduled restricted feeding or its associated signals may affect FEO and SCN activity at the same time, generating a combined response of these two circadian oscillators that leads to rapid entrainment of the activity rhythm. Indeed, these two circadian systems may interact with each other. For example, the phase of the SCN may affect the phase of the FEO and vice versa. However, the coupling effect of the FEO on the SCN appears to be weaker than the coupling effect of the SCN on the FEO (Stephan, 1986; Ottenweller, Tapp, & Natelson, 1990) .
Recently, Ángeles-Castellanos, Amaya, SalgadoDelgado, Buijs, & Escobar (2011) reported results similar to the present study. They showed that scheduled restricted feeding either before or after the LD advance accelerated the reentrainment of activity and body temperature rhythms. They also tested the effect of melatonin injection, which is known to accelerate the reentrainment of activity rhythms (Hau & Gwinner, 1995; Marumoto, Murakami, Kuroda, & Murakami, 1996) and found that the phase-shifting effects of scheduled feeding were even more pronounced than the effect of melatonin.
In conclusion, the present results show that scheduled feeding effectively accelerates the reentrainment of the motor activity rhythm in response to an LD advance. Together with the results obtained by Ángeles-Castellanos et al. (2011) , the present study indicates that reentrainment of an SCN-controlled behavioral rhythm can be modulated by scheduled feeding under conditions that lead to uncoupling within the SCN (i.e., an LD shift). Nevertheless, further studies are necessary to evaluate how scheduled restricted feeding affects SCN activity during the process of reentrainment to new LD cycles. Finally, the results indicate that scheduled food intake may help in the readjustment process of circadian rhythms in humans who travel between time zones and ameliorate circadian rhythm disruptions.
